Generalizability theory was used to investigate the score consistency of observed extracellular fluid/intracellular fluid (ECF/ICF) ratio measurements for both the global and leg-segmental bio-impedance spectroscopy methods. The test instrument used was a Xitron Hydra ECF/ICF Bio-Impedance Analyzer System, model 4200 (Xitron Technologies, San Diego, CA). Fifty able-bodied American men (17 to 72 years) and 50 able-bodied American women (17 to 76 years) volunteered as experimental subjects. Xitron continuous global and leg-segmental ECF/ICF procedures for testing were followed for assessing subjects in both the standing erect and lying supine postures. A two-facet, person-by-trial, completely crossed design was used, and all facets were treated as random. Data were independently analyzed for each method, each body posture and each sex group. The major findings of this study were: (1) the leg-segmental method was superior in producing the higher G-coefficients when compared to the global method regardless of gender or posture; (2) the global method resulted in higher G-coefficients in males compared to females regardless of posture; (3) when the global method was used, the relative and absolute error variances were higher for females while the opposite trend was observed when the segmental method was used and (4) when using the global method, the precision of the ECF/ICF ratio scores in females could be increased by simply using the mean of several trials (e.g., by using the mean of 5, 10 or more test trials).
Introduction

Extracellular/intracelluar fluid ratio measures
The ratio of extracellular fluid (ECF) to intracellular fluid (ICF), known as ECF/ICF, has been used as a single index of health (Matthie 1997 ). This ratio is used as an indicator to monitor several clinical and physiological conditions such as the enlargement of the extracellular water compartment compared to the intracellular water compartment associated with obesity and the regulation of fluids prior to and after weight reduction and maintenance (Marken and Fogelholm 1999, Sergi et al 2003) ; the involuntary weight loss and depletion of body cell mass in HIV infection (Earthman et al 2000) ; the hydration status of patients undergoing hemodialysis (Zhu et al 2000) ; the health status of patients affected by hyperthyroid Graves' disease (Hu and Kato 1995) and classical dengue fever (Klassen et al 2000) and the study of cellular hydration during aging (Ritz et al 2000) . The advantage of using ECF/ICF resides in the fact that, being a ratio, it should be less affected by systematic measurement errors and independent of external parameters such as body weight, height, segmental girth, segmental length and electrode placement, among others (Lozano et al 1995) .
The reproducibility, or generalizability, of ECF and ICF scores using bio-impedance spectroscopy (BIS) has been studied in the past and found to be very good for most applications (Turner et al 2002 (Turner et al , 2003 . Overall, BIS is a very precise technique to estimate ECF and ICF. By precision, we refer to a small spread of scores over repeated trial. From a measurement perspective, both ECF and ICF scores each have a systematic error component and a random error component. Lozano et al (1995) suggested that the systematic error components of both ECF and ICF fluid scores are positively correlated. Grounded on this idea, the systematic error component for the ratio of ECF/ICF fluid score should in turn be reduced in size when compared to the independent measurements of ECF and ICF scores. Based on the above rationale, the use of ECF/ICF fluid ratio scores is recommended over individual ECF scores and individual ICF fluid scores as the ratio score produces a more accurate measure of fluid.
During the last decade, the measurement of ECF and ICF has been frequently completed using BIS. This technique is considered to be a simple, fast, low-cost and non-invasive way to assess human physiologic parameters such as body composition or body fluid distribution. BIS has evolved from the technique known as bioelectrical impedance analysis (BIA) by measuring bioelectrical impedance at a wide range of frequencies, normally from 1 kHz to 1 MHz, instead of the measurement at a fixed frequency of normally 50 kHz used by BIA. In BIS, measurements are normally taken with the subject lying in a supine position, using two electrodes for the injection of current in the area under measure and two additional electrodes for the detection of the electrical voltage.
When BIS is used, the ratio of injected current and detected voltage is represented by a complex number which is known as bioelectrical impedance. By measuring the values of bioelectrical impedance from 1 kHz to 1 MHz and the use of the appropriate regression equations (Matthie et al 1998) , it is possible to estimate parameters such as body composition, total body water, ECF, ICF and ECF/ICF ratio measures.
Generalizability theory
Although a theoretical rationale has been provided suggesting that the ECF/ICF ratio is more accurate than the measurement of each fluid score, the precision or reliability of these ratios is not known. In this project, we used an extension of classical true-score theory, called generalizability-theory (G-theory), to estimate the precision or reproducibility of ratio scores.
It is commonly accepted that precision is a prerequisite of accuracy: measured scores cannot be accurate if they are not precise.
The first papers on G-theory were written by Cronbach et al (1963) and Gleser et al (1965) . About a decade later, a book by Cronbach et al (1972) was published, The Dependability of Behavioral Measurements, which has become the most well-recognized publication on generalizability theory (Brennan 1992) . Over time, several fine supplementary publications on generalizability theory have been published (e.g., Cardinet et al (1976) , van der Kamp (1976) , Brennan and Kane (1979) , Gillmore (1979) , Shavelson et al (1989), and Brennan (2001) ). In 1991, Shavelson and Webb published a very readable and understandable primer on generalizability theory, which provides many useful statistical application of this theory. The curious reader may refer to Shavelson and Webb (1991) for introduction to G-theory and the more inquiring reader can peruse Cronbach et al (1972) and Brennan (1992 Brennan ( , 2001 ) for more of an in-depth, advanced study on this measurement theory.
Research on bio-impedance using G-theory
A review of the literature revealed only a couple of research studies that have been published investigating the score consistency or stability (reliability) of observed bio-impedance spectroscopy measurements using generalizability theory (Turner et al 2002 (Turner et al , 2003 . These studies were only focused on the generalizability of separate ECF and ICF measurement scores. The purpose of the present study is to examine the generalizability of the ECF/ICF ratio measurements, as no studies to date have addressed this topic.
Method
Subjects
Fifty males (17 to 72 years) and 50 females (17 to 76 years) volunteered to participate in this study. The subjects were recruited from a variety of socio-economic environments after reading a public notice. They had no known illness or handicap. The Institutional Review Board (IRB) at the University of Alaska Anchorage approved the informed consent form and the protocol of the study. Each subject signed and dated an informed consent form before being tested.
Tester and test instrument
The same test technician collected all the data. This person was well-trained, experienced and competent in the use of Xitron BIS analysis. The Xitron Hydra ECF/ICF Bio-Impedance Analyzer System, model 4200, Xitron Technologies, San Diego, CA, was used as the test instrument with the application of skin current electrodes model IS 4000, Xitron Technologies.
Measurement protocol
The data were collected at least 2 h after eating, within 30 min after voiding. The subjects did not exercise or drink alcohol for a minimum of 24 h prior to data collection. Body weight and standing height were collected on each subject upon arrival at the test facility.
The global and segmental method measurement protocols required each subject to be tested as outlined by the measurements assessment procedures in the Xitron Technologies manual (Matthie 1997) . The description of electrode placement for the global method is given by Turner et al (2003) . The segmental electrode placement on a subject in a standing or supine position is with the arms comfortably abducted from the body about 30
• and legs comfortably separated. The tester shall select a body segment that is as close in shape as a cone as possible (lower leg segment). The tester shall measure the circumferences at the site of the voltage-detector electrodes (ankle and knee) accurate to 0.1 cm and measure the distancelength between the center of the voltage-detector electrodes accurate to 0.1 cm. Using fresh high-quality gum based spot electrodes with at least 5 cm 2 in the total surface area, the tester should place the center of the two voltage-detector electrodes (V) on the 'exact' location where circumferences have been measured and on a muscular area of the limb. In addition, the tester shall place two current-injection (I) spot electrodes at least 5 cm distal to the voltage-detector (V) electrodes. The tester must ensure that the device cables are not touching the ground, subject or metal objects; or the cables or devices are not next to high voltage equipment (e.g., computer monitor) and the cables are not intertwined. The tester shall finally connect the black current-injecting (I) lead alligator clips to the electrodes placed distally to the measured circumferences and connect the red voltage-detector (V) lead alligator clips to the electrodes centered on the measured circumference locations.
Throughout the bio-impedance spectroscopy measurement, each subject was assessed first in a standing erect (anatomical position) posture and second in a lying supine posture with arms and legs slightly abducted. Each subject was instructed to assume each test posture for approximately 5 min before being assessed.
Each subject was assessed for multifrequency bio-impedance (5 kHz to 1 MHz) over 10 min in each posture, with a 30 s interval between each test trial to produce 20 consecutive test trials in the standing erect posture and 20 consecutive test trials in the lying supine posture. The subject was informed to remain stationary during the complete test for each posture.
The subjects were dressed appropriately, with no sock or footwear on the test foot and the full body sustained on a flat non-conducting surface. The site for skin current electrode placement was cleaned with an alcohol swab and dried by evaporation. Multifrequency bioimpedance was measured in the range of 5 kHz to 1 MHz by injecting electrical current between the injecting electrodes and measuring the voltage drop across the detecting electrodes. The Xitron system measures both real (R) and imaginary (X) impedance parts that are in turn employed to estimate fluids.
ECF and ICF data model for fluid measures
The Xitron 4200B software produced three components using Cole modeling (Cole 1972) . They are the following: (1) resistance at zero frequency-R 0 , which is the same as extracellular fluid resistance-R E ; (2) resistance at infinite frequency-R ∞ and (3) intercellular fluid resistance-R I.
Formula (1) was used to derive intercellular resistance, which is as follows:
The low bio-impedance frequency scores are primarily used to estimate extracellular fluid volume measures and the high-frequency scores are primarily used to estimate total body water measures. Subsequently, intracellular fluid volume is determined by subtracting ECF from total body water (TBW) Matthie et al (1998) .
Design and data analysis
The design of the study had two facets, person and trial, which were completely crossed and treated as random. The person (p) facet had 50 levels (subjects 1, 2, . . . , 50) and was the facet of differentiation (Cardinet et al 1976) . The trial (t) facet had 20 levels (test trials 1, 2, . . . , 20) and was the facet of generalization (Cardinet et al 1976) . With the design of this study, it was possible to estimate the size of the variance components due to person, trial, as well as the interaction of person-by-trial confounded with random error. The ECF/ICF ratios were analyzed using a general purpose analysis of variance called GENOVA (Brennan 1992) . Generalizability analyses were conducted on the ratios for each method (global and segmental), each test posture (standing erect and lying supine) and each sex group (male and female). This implies that a total of eight independent analyses were conducted.
Formula (2) was used to determine relative error variance σ 2 Re l :
whereσ 2 Re l represents the estimate of the relative error variance,σ 2 pt,e represents the estimate of the residual error variance and n t represents the number of test trials.
Formula (3) used the relative error variance to determine reliability-type coefficient, called a G-coefficient for a relative decision ρ 2 Re l : The confidence interval for the observed scores was determined using both the standard deviation from the relative error variance and the absolute error variance. In considering that errors are normally distributed, a 68% relative decision confidence interval about an observed score mean for a person (X p ) would be determined by using the formulaX p ± σ Re l . In a similar manner, a 68% absolute decision confidence interval about observed score mean for a person could be calculated by using the formulaX p ± σ Abs . The G-coefficient for a relative decision 'is approximately equal to the expected value . . . of the squared correlation between the observed scores and universe scores' (Brennan 1983) . In respect to this G-study, this represents the squared correlation between the average of 20 measurements (20 test trials) and the score that would be attained from an infinite number of test trials. The G-coefficient for an Note. e = error; pt,e = undifferentiated error. a n = 50. b n = 50.
absolute decision has a more complex interpretation and may be understood as the ratio of the 'universe-score variance divided by the sum of universe score variance plus error variance' (Shavelson and Webb 1991) .
Results
Means and standard deviations for age, height, weight, various ECF/ICF ratios and leg measurements are reported in table 1 for both sex groups.
Global method
The analysis of the global data using GENOVA revealed that the trial (t) facet accounted for 1.0% or less of the total variance (see table 2 ). The residual component (pt, e) accounted for 15% of the total variance for men and 41% of the total variance for women in the standing erect posture. The same components for the lying supine posture accounted for 11% of the total variance for men and 37% of the total variance for women (see table 2). The G-study phase of the global analysis for ECF/ICF ratio scores showed that the G-coefficient for absolute and relative decisions ranged between 0.97 and 0.99 as reported in tables 3 and 4.
The results of the alternative D-studies with data sets of 1, 2, 5 and 10 trials for the standing erect and the lying supine postures are presented in tables 3 and 4. Perusal of the tables shows that the G-coefficients for relative decision for one test trial ranged from 0.85 to 0.89 for the men while the same coefficients ranged from 0.59 to 0.63 for the women. Under the same condition of one test trial, the G-coefficients for absolute decisions ranged from 0.85 to 0.88 for the men and 0.59 to 0.63 for the women. In the most extensive D-study of 10 trials, the G-coefficients for the relative decision ranged from 0.98 to 0.99 for the men and 0.94 for the women (tables 3 and 4).
Under the same conditions, the G-coefficients for the absolute decisions ranged from 0.98 to 0.99 for the men and were 0.94 for the women (tables 3 and 4).
It is important to understand that G-coefficients are indicators of interindividual consistency. That is, they indicate whether the subject maintains his or her position in the group when the same measurement procedure is repeated (Stanley 1971) . G-coefficients are used as a normative index of consistency. To know the reproducibility of each person's test score, more useful indices are the relative and absolute error variance. An inspection of tables 3 and 4 shows that for the global method the relative and absolute error variances of females were approximately twice the values of error variances of males. This means that when a decision is made about a specific person when using the global method, the error associated with a female's score is higher than the error associated with a male's score. Note. e = error; pt,e = undifferentiated error. a n = 50. b n = 50. 
Leg-segmental method
The analysis of the leg-segmental data revealed that the trial (t) facet accounted for 0.0% (within rounding errors) of the total variance while the residual component (pt, e) accounted for 1.0% or less of the total variance (table 5). The G-coefficients for the relative and absolute decisions were equal to 1.00 (within rounding errors) for both the males and the females as reported in tables 6 and 7. The four alternative D-studies for relative and absolute decisions with 1, 2, 5 and 10 test trials indicated that the G-coefficients were equal to 0.99 or higher (see tables 6 and 7). In addition, the relative and absolute error variances were approximately 1.5 times larger for males than females. The opposite trend was observed for the global method.
Comparisons
Comparison of the method results and sex results are worth highlighting. The proportion of the total variance accounted for by the residual component (pt, e) is higher for the global method than the segmental method, irrespective of sex (see tables 2 and 5). The same proportion is higher for the females compared to the males when the global method is used (table 2). The G-coefficients for both relative and absolute decisions are higher (better) for the segmental method. The same coefficients are lower for the females when the global method is used (see table 8 ). When the global method is used, the relative and absolute error variances are higher Table 7 . G-studies and D-studies results for leg-segmental ECF/ICF ratio fluid scores in a lying supine posture. 1.00 1.00 1.00 1.00 1.00 0.99 1.00 1.00 1.00 φ f 1.00 0.99 1.00 1.00 1.00 1.00 0.99 1.00 1.00 1.00
Note. n = number of trials. a n = 50. b n = 50. c Relative error variance. d Absolute error variance. e Generalizability coefficient for relative decision. f Generalizability coefficient for absolute decision. for females while the opposite trend is observed when the segmental method is used. It is important to note that the statements made in this paragraph are descriptive, not inferential.
Discussion
The three basic matters of discussion with respect to this study's examination into the generalizability of the global method and leg-segmental for ECF/ICF ratio measures were as follows. (1) How generalizable are the results obtained using the global method? (2) How generalizable are the results obtained using the leg-segmental method? (3) Which method (global or leg-segmental) generated the most generalizable results? The foregoing addresses these three basic questions.
Global method
The present study revealed that the G-studies showed that the person (p) variance component was the largest source of variance for the ECF/ICF ratio scores. The anatomical and physiological differences account for the large person source of variance across the different measured subjects. A sizable person (p) variance component was anticipated in this study because of the following reasons: (1) human body composition, which in turn is affected by age, height and weight is normally different from person to person (Heymsfield and Wang 1997) ; (2) changes in the electrical geometry of the person which can be accounted for by respiration (Valentinuzzi et al 1996) ; (3) small movements of the person in the test position (Lozano et al 1995) ; (4) small changes in the electrical conductivity of the person caused by the cycle of the heart rhythm (Valentinuzzi et al 1996) ; (5) differential reduction from trial to trial in the adherence between electrodes and the skin which could be caused by perspiration (Kushner et al 1996) and (6) differential speed of fluid shifts amongst the subjects that exist even after the initial 5 min of resting in the test protocol prior to the start of measures (Scharfetter et al 1997) .
The trial (t) variance component was seen as the smallest source of variance for the ECF/ICF ratio scores. ECF/ICF ratio scores show the trial variance component to be accountable for less than 0.02% of the total variance (see tables 3 and 5). In other words, the 20 averaged trial values, calculated across 50 persons, were nearly alike. This is in turn to mean that when an absolute decision is considered, the trial effect can be ignored for most testing circumstances.
The person by trial interaction, confounded with the error component (pt, e), is the result of physiological variation and technical errors that are reflected under the person (t) variance component, extremely small trial (t) variance component and the residual (e) error component that has not been specifically described.
The present study recommends more research be conducted to examine the different variables that may contribute to physiological variation and technical errors, so that these sources of errors can be identified and in turn reduced or eliminated for BIS testing. In particular, the authors of the present study believe that a closer examination into the effects of ventilation on the consistency of global and segmental BIS measures will help to understand the sources of physiological variation and experimental error previously addressed. Tables 3 and 4 illustrate the G-coefficients for both G-studies and D-studies for ECF/ICF data sets. The number of alternative D-studies was the same at 1, 2, 5 and 10 trials. The basis for changing the number of test trials was that an effect was considered to be possible on both the relative and absolute error variance and the G-coefficients. Overall, the G-coefficients for the D-studies on males showed that increasing the number of trials had a very small effect on the generalizability of the ECF/ICF scores. However, the G-coefficients for the D-studies on females showed a considerable decrease in the generalizability of the ECF/ICF scores. An easy means to enhance the exactness of the ECF/ECF ratio scores in females is to simply use the mean of several trials, for example 5 or 10 test trials, as shown in tables 3 and 4.
The results of the relative and absolute decisions reflect little difference between the G-coefficients as reflected in tables 3 and 4. Even though the present study did not find a sizable difference between the two decision types, it is important to remind the reader that there is a conceptual difference between relative and absolute decisions. These minor differences may be determined by noting variance components in formula (3) which are not reflected in formula (1). Since these variance components are all very minor, the divergence between relative and absolute decisions is also very minor in this investigation.
Leg-segmental method
The present study showed that the leg-segmental G-studies revealed that the person (p) variance component was the largest source of variance for ECF/ICF ratio measures. The anatomical and physiological differences account for the large person source of variance across the different measured subjects. The sizable person (p) variance component was expected in this study for the same reasons that were identified in the global method.
The trial (t) variance component was seen as the smallest source of variance for the ECF/ICF ratio scores. ECF/ICF ratio scores show the trial variance component to be accountable for less than 0.1% of the total variance (see tables 6 and 7). In other words, the 20 averaged trial values, calculated across 50 persons, were nearly alike. Consequently, for practical purposes the magnitude of the trial effect on absolute decisions may be disregarded.
Overall, the G-coefficients for the D-studies showed that increasing the number of trials has a very minor effect on the generalizability leg-segmental ECF/ICF ratio scores. The results of the relative and absolute decisions reflect little difference between G-coefficients as summarized in tables 6 and 7. Even though this study did not reveal a significant difference between the two decision types, it needs to be mentioned again that there is a real conceptual difference between relative and absolute decisions.
Comparison of the global and leg-segmental methods
In comparing the global and leg-segmental methods, the present study showed that the legsegmental method produced the highest G-coefficients regardless of gender, posture and trial as illustrated in table 8. Moreover, this leg-segmental method yields an extremely consistent ECF/ICF score regardless of using a 1-trial test or 20-trial test.
With regard to the global method, there is a sizable decrease between the G-coefficients for the four alternative D-studies obtained for women when compared to men. The difference between the G-coefficients for the four alternative D-studies between women and men becomes greatly reduced when increasing the number of test trials from 5 to 20 trials, as shown in table 8. In recognizing these differences between the G-coefficients for the four alternative D-studies in males and females using the global method, the authors of this study suggest the need for further research to explain the reasons for these findings.
Conclusions
In summary, the different ECF/ICF ratio data sets revealed the following important findings.
(1) The leg-segmental method was superior in producing the higher G-coefficients when compared to the global method regardless of gender, posture and trial. (2) The global method resulted in higher G-coefficients in males compared to females regardless of posture and trial. (3) When the global method was used, the relative and absolute error variances were higher for females while the opposite trend was observed when the segmental method was used. (4) When using the global method, the exactness of the ECF/ECF ratio scores in females could be increased by simply using the mean of several trials, for example 5, 10 or 20 test trials. 
